Higher plants synthesize small heat-shock proteins (smHSPs) from five related gene families. The class I and II families encode cytosolic smHSPs. We characterized the class II smHSPs of pea (Pisum safivum) and compared them with class I smHSPs. Antibodies against recombinant HSP17.7, a class II smHSP, recognized four heat-inducible 17-to 18-kD polypeptides and did not cross-react with class I smHSPs. On sucrose gradients the class II smHSPs sedimented primarily at 8 Svedberg units, indicating that they are components of large complexes similar in size to class I smHSP complexes. However, the class I and II complexes were readily distinguishable by nondenaturing polyacrylamide gel electrophoresis and isoelectric focusing. Nondenaturing immune precipitations using anti-HSP17.7 or anti-HSP18.1 (a class I smHSP) antiserum provide further evidence that the class I and II smHSPs exist in HSP17.7 and HSP18.1 formed complexes of sizes similar to those formed in vivo. When these two smHSPs were mixed, denatured with urea, and then dialyzed, the distinct class I and II complexes again formed, each containing only HSP18.1 or HSP17.7. Thus, cytosolic smHSPs from two related gene families expressed simultaneously form distinct complexes in vivo, suggesting that they have subtly different functions. different complexes, composed primarily of smHSPs. Recombinant
In response to heat stress, a11 eukaryotes and some prokaryotes synthesize a set of evolutionarily related smHSPs characterized by a conserved carboxyl-terminal region and molecular masses ranging from 15 to 30 kD (Jakob and Buchner, 1994) . The smHSP superfamily also includes the a-crystallins, essential components of the vertebrate eye lens (deJong et al., 1993) . The higher plant heat-shock response is unique among eukaryotes in that plants synthesize a large number of diverse smHSPs. Depending on the plant species, there can be more than 30 different plant smHSPs belonging to at least five different classes (for review, see Vierling, 1991; Waters et al., 1996) . Three of the smHSP families specify proteins localized to the chloro-' This work was supported by National Research Initiative Competitive Grants Program grant no. 93-02113 to K.H. and grant nos. 91-37100-6612 and 93-02143 to E.V., and U.S. Department of Agriculture and National Institutes of Health grant no. R01 GM42762 to E.V.
* Corresponding author; e-mail helmQsiena.edu; fax 1-518-783-2986. plast, ER, or mitochondrion. The other smHSP families, designated class I and class 11, are cytosolic proteins and can be distinguished from one another by sequence homology. Among multiple plant species, proteins within either class I or class 11 are approximately 85% similar at the amino acid leve1 (Waters et al., 1996) . However, when comparing the two classes, the similarity decreases to approximately 60% even within the same plant species (Waters et al., 1996) .
In mature vegetative tissue, plant smHSPs are normally undetectable under optimal growing conditions, but they accumulate rapidly in response to heat stresses 10 to 20°C above normal (Vierling, 1991) . Indeed, the smHSPs can accumulate to more than 1% of the total protein in heatstressed pea (Pisum sativum) leaves and they persist long after the cessation of heat stress, with half-lives of more than 24 h (DeRocher et al., 1991; Waters et al., 1996) . In several species certain subsets of class I and class I1 proteins are also known to accumulate during embryogenesis, persisting in quiescent seeds and for some time during subsequent germination (for review, see Waters et al., 1996) . These findings indicate that smHSPs have important roles in addition to the heat-shock response.
Despite the apparent co-localization of class I and class I1 smHSPs in the cytosol, numerous studies of smHSP expression in the absence of heat stress indicated that the two classes of proteins are not subject to strict coordinate expression (for review, see Waters et al., 1996) . For example, several conditions have been identified in which class I1 mRNAs specifically accumulate: pollen development (Bouchard, 1990; Kobayashi et al., 1994) and in response to certain light regimes (Krishna et al., 1992) . It is interesting that, although class I1 smHSP genes are transcribed during pollen development, their corresponding mRNAs are absent in mature pollen (Dietrich et al., 1991; Hopf et al., 1992; Atkinson et al., 1993; Kobayashi et al., 1994) . In contrast, class I mRNAs have been detected only in mature pollen (Zarsky et al., 1995) . Such findings suggest that class I and class I1 proteins are functionally distinct. However, it is unclear how smHSP expression and function in the absence of heat are related to that during heat stress.
Although the specific function of plant smHSPs is unknown, their abundance, distribution, and amino acid se-Plant Physiol. Vol. 114, 1997 quence conservation suggest that they are involved in allowing a plant to survive heat stress. Results of overexpression experiments using mammals and Drosophila illustrate the importance of smHSPs in conferring thermotolerance (Berger and Woodward, 1983; Rollet et al., 1992; Lavoie et al., 1993) . Furthermore, recent in vitro studies using a-crystallin (Horwitz, 1992) , mammalian (Jakob et al., 1993; Merck et al., 1993) , and plant (Lee et al., 1995 (Lee et al., , 1997 smHSPs suggest that smHSPs, like other HSPs, act as molecular chaperones by preventing aggregation and or by enhancing refolding of denatured proteins. Since neither nucleotide-binding domains nor nucleotide triphosphate hydrolysis activity have been identified for the smHSPs, their mechanism of action is presumably quite different from that of other known classes of ATPdependent molecular chaperones (for review, see Buchner, 1996) .
Plant smHSPs, like the smHSPs from other organisms, form high-molecular-mass complexes in vivo (Neumann et al., 1989; Nover et al., 1989; Vierling, 1991) . These smHSP complexes analyzed by nondenaturing PAGE vary from 80 kD in the case of the ER-localized smHSPs in P. sativum (Helm et al., 1993) to between 240 and 300 kD for class I (Helm et al., 1993; Jinn et al., 1995) , chloroplast-localized (Chen et al., 1994; Clarke and Critchley, 1994) , and mitochondria-localized smHSPs (Leme and Douce, 1994) complexes. Complexes of class I1 smHSPs formed in vivo
have not yet been characterized. In the plant cytosol the sizes of class I smHSP complexes are remarkably similar, despite widely variable numbers of class I smHSP genes and proteins from species to species (Waters et al., 1996) and somewhat variable molecular masses of the component monomers. In 38°C heat-stressed P. sativum, for example, the cytosolic class I smHSPs form complexes with apparent molecular masses of approximately 240 kD (Helm et al., 1993) . From recent studies the masses of the class I complexes from rice (Oryza sativa) and soybean (Glycine max) were estimated to be 310 and 280 kD, respectively (Jinn et al., 1995) . Using nondenaturing PAGE, Lee et al. (1995) observed complexes composed solely of recombinant HSP18.1, a class I smHSP from pea, with an estimated molecular mass of 240 kD, comparable to the value observed for the class I complexes seen in vivo (Helm et al., 1993; Jinn et al., 1995) . Recombinant HSP17.7, a class I1 smHSP from pea, had an apparent molecular mass of approximately 320 kD. Sedimentation equilibrium indicated that both recombinant complexes exist as 12-subunit homooligomers (Lee et al., 1995) .
In contrast to other classes of smHSPs, there is limited information about the accumulation, stability, and structure of class I1 smHSPs. We generated antibodies specific to the class I1 smHSPs of P. sativum and used the antibodies to characterize the basic properties of the corresponding immunoreactive smHSPs in vivo. Furthermore, we present an analysis of high-molecular-mass complexes containing class I1 smHSPs formed both in vivo and in vitro, and we find that they are similar, but distinct, compared with complexes containing class I smHSPs.
MATERIALS AND METHODS

Preparation of Antiserum against the Class II smHSPs
A class I1 smHSP encoded by the HSP17.7 cDNA (Lauzon et al., 1990) was overexpressed in Escherichia coli using the T7 expression system (Studier et al., 1987) . A Sau3A fragment of the HSP17.7 cDNA, which included the entire coding region plus 54 bases of 5' noncoding DNA, was isolated and inserted into the BamHI site of pET3a. The resulting construct encoded a 22.3-kD fusion protein consisting of HSP17.7, an additional 4.6 kD of contiguous amino-terminal residues encoded by pET3a, the SK polylinker of Bluescript (Stratagene), and a region of the HSP17.7 cDNA on the 5' end of the deduced coding region that coincidentally extended the HSP17.7 open reading frame to the Sau3A site. Following induction of synthesis, the fusion protein was isolated and used to immunize New Zealand White rabbits as previously described (Helm et al., 1993) .
Plant Material and Heat-Stress Treatment
For a11 but the experiments to determine the persistence of smHSPs after heat stress, pea (Pisum sativum L., cv Little Marvel) seeds were incubated between water-saturated blotter paper for 4 d at 22°C. At this stage the roots were 4 to 6 cm long, and the leaves were just emerging from the testae. The use of the roots of these seedlings ensured that no transpirational cooling would occur during heat stress and allowed a more accurate determination of the heat inducibility of the class I1 smHSPs. Where noted, seedlings were heat-stressed to the indicated maximal temperature by raising the temperature at 4°C h-' to the desired temperature and then maintaining the maximum heat-stress temperature for 4 h, at which time the tissue was homogenized (Helm et al., 1993) .
The smHSP stability experiments were performed with leaf tissue. Unlike the actively growing roots described above, the fully expanded true leaves that we sampled were relatively stable in size, thus minimizing artifactual dilution of smHSPs due to cell division and expansion over the 72-h duration of the experiment. For these experiments the seedlings , were grown in moist vermiculite using a regime of 16 h of light at 22°C and 8 h of dark at 20°C for 10 d (DeRocher et al., 1991) . The seedlings were heatstressed as described above to a maximum temperature of 38°C. At the end of the 4 h at 38"C, the temperature was lowered at 4°C h-' to 22°C and the nonstress growth regime was resumed. Humidity was kept high during heat stress to minimize transpirational cooling (DeRocher et al., 1991) .
lmmunoblot Analysis SDS-PAGE and two-dimensional PAGE were performed as previously described (Helm et al., 1993) . Prestained standards (Bio-Rad) were used to estimate the molecular masses of immunoreactive proteins. Following electrophoresis, proteins were transferred to nitrocellulose mem-branes and immunoreactive proteins were detected by enhanced chemiluminescence. Membranes were blocked with PBST (5.8 mM sodium phosphate, pH 7.4, 145 mM NaC1, 0.05% [v/v] Triton X-100, and 0.25 mM thimerosal), supplemented with 6% (w/v) nonfat dry milk for at least 30 min, and then incubated for 2 to 16 h at ambient temperature with the same solution containing anti-smHSP antiserum diluted 1:500 (v/v). After three washes with PBST, blots were incubated for 3 h in PBST containing a 1:10,000 dilution of peroxidase-conjugated goat anti-rabbit IgG (Jackson Immunoresearch, West Grove, PA), washed five times with PBST, immersed in enhanced chemiluminescence detection reagents (Amersham or Pierce), and exposed to x-ray film (SLS-5, Eastman Kodak) for 5 to 240 s, depending on signal strength.
SUC Gradient Analysis of smHSP Complexes
Sedimentation rates of smHSP native structures were determined by separating the constituents of clarified supernatants on 15 to 30% Suc gradients. Samples were prepared by homogenizing 0.2 to 0.4 g of root tissue in 10 volumes (w/v) of ice-cold 50 mM Tris-C1, pH 7.5, 1.0 mM EDTA, 2.0 mM DTT, 5.0 mM e-amino-n-caproic acid, 1.0 mM benzamidine, 0.05 mg mL-' BSA, and 5% SUC (w/v) for 3 min using a chilled glass homogenizer. The homogenate was clarified by centrifugation at 2,0008 for 5 min at 4°C (Helm et al., 1993) . After being brought to 12% SUC with solid SUC, 500-pL samples of the clarified supernatants were applied to 5-mL Suc gradients and subjected to ultracentrifugation at 46,000 rpm (gmax = 254,000) for 18 h at 4°C using an SW50.1 rotor (Beckman). Following centrifugation, gradients were fractionated from the bottom of the tubes into 15 aliquots of approximately 330 pL each. Aliquots of each fraction were immediately mixed with onethird volumes of 4X sample buffer (Laemmli, 1970) , boiled for 3 min, and stored at -20°C. The SUC concentrations of the fractions were determined by refractometry. The position of immunoreactive complexes within the gradients was determined by separating proteins from 25 pL of the SDS-treated fractions by SDS-PAGE on 13.0% acrylamide gels and immunoblot analysis as described above.
Nondenaturing Pore-Exclusion PAGE
Following heat stress, whole-cell homogenates were prepared from 4-d-old root segments, excluding the tips. Tissue was disrupted in a chilled glass homogenizer containing 15 volumes (tissue w / v buffer) of homogenizing buffer (Tris-CI, pH 7.5, 25.0 mM KCI, 10.0 mM DTT, 2.0 mM CaCI,, 5.0 mM e-amino-n-caproic acid, 2.0 mM benzamidine, and 0.1 mg mL-' BSA) (Helm et al., 1993) , and cellular debris were removed by centrifugation at 14,OOOg for 5 min at 4°C. The microsomal fraction was then removed by further centrifugation at 100,OOOg for 30 min at 4°C. This clarified supernatant was used for native gel analysis.
The apparent molecular mass of the smHSP native structures was determined by nondenaturing PAGE on 4 to 22.5% acrylamide pore-exclusion gels followed by immunoblot analysis as previously described (Helm et al., 1993).
Nondenaturing IEF
Nondenaturing IEF of soluble proteins from pea root extracts was performed with a Mighty Small vertical acrylamide gel apparatus (Hoefer, San Francisco, CA) in 4.0% acrylamide gels using published methods (Garfin, 1990) . First, root tissue from heat-stressed plants was homogenized in 10 volumes (w / v) of a buffer containing 1% (w / v) Gly, 5.0 mM DTT, 1.0 mM benzamidine, 5 mM e-amino-ncaproic acid, 1 pg/mL each of antipain and leupeptin, and 2.0% pH 3.0 to 10.0 ampholines (Bio-Rad). The crude homogenate was cleared by centrifugation at 14,OOOg at 4°C for 10 min, and the microsomal fraction was removed by ultracentrifugation at 100,OOOg at 4°C for 30 min.
Protein samples (20 pL, approximately 5 pg) were loaded onto the gels and overlaid with extraction buffer supplemented with pyronin Y. Samples were electrophoresed at 150 V for 2.5 h and 500 V for 30 min; all steps were performed at 22°C.
Following IEF, gels were soaked in an aqueous solution of 2.0% SDS for 20 min and frozen for later use or the proteins were blotted to nitrocellulose, and smHSPs were detected by immunoblotting as described above.
Radiolabeling and lmmune Precipitation
Newly synthesized proteins were labeled with a 4:l mixture of [35S]Met and 35S-Cys (Tran35S-label; ICN Biochemicals, Irvine, CA). Immediately prior to labeling, roots were placed on a wet paper towel and cut into 2-mm sections. Sixteen root sections were placed in a shallow container formed by covering a small scintillation via1 cap with Parafilm (American National Can, Greenwich, CT) and stretching the Parafilm to a depth of 5 mm. Next, the root sections were treated for 4 h with 50 pL of an aqueous solution containing 250 pCi of the labeled amino acids and 1% Suc (w/v). To minimize evaporation, the containers holding the root sections and labeling solution were kept in sealed dishes lined with water-saturated filter paper. FOIlowing labeling, roots were washed three times with 50 pL of an aqueous solution of 1% (w/v) Suc supplemented with 100 mM L-Met. Root segments were then homogenized with small, disposable grinders in matching tubes (Kontes Glass, Vineland, NJ) containing 150 pL of ice-cold nondenaturing homogenizing buffer (Helm et al., 1993) supplemented with 1% (v/v) Triton X-100 and a small amount of acid-washed sand for approximately 3 min at 4°C. After homogenization, an additionall50 pL of buffer was added, the homogenate was mixed by vortexing, and cellular debris were pelleted by centrifugation at 14,OOOg for 10 min at 4°C. Incorporation of label into proteins in the supernatant was determined as described previously (Mans and Novelli, 1961) .
Immune precipitations were performed on the supernatant using a modification of previously described methods (Bednarek and Raikhel, 1991) . Labeled homogenate (25 pL) was aliquoted to 1.5-mL centrifuge tubes and diluted with 250 pL of room-temperature TETN (25 mM Tris-CI, pH 7.5, 5 mM EDTA, 1% [v/v] Triton X-100, and 250 mM NaC1). Antiserum (5 pL) was added and the mixture was incu- bated with rotating agitation for 1 h. A 20-/uL slurry of protein A-agarose beads (Bio-Rad) with a storage buffer that had been replaced by an equal volume of TETN was then added and incubation continued for an additional 30 min at 22°C. The beads were then washed three times with 200 fjiL of TETN and twice with 200 /uL of Tris-EDTA (pH 7.5). After washing, the beads were resuspended in 50 ^L of sample buffer (Laemmli, 1970) , boiled for 1 min, and stored at -20°C. Equal incorporated disintegrations per minute (500,000) of total homogenates and equivalent fractions of corresponding immune precipitation treatments were then separated by SDS-PAGE on 10 to 20% gradient gels, and the labeled polypeptides were visualized by fluorography.
Expression and Purification of Recombinant
HSP18.1 and HSP17.7
The HSP18.1 and HSP17.7 cDNAs (Lauzon et al., 1990; DeRocher et al., 1991) were subcloned into the expression vector pJC20 (Clos and Brandau, 1994) as described previously (Lee et al., 1995) and used to transform E. coli BL21 (DE3) for T7 RNA polymerase-directed expression of target proteins. Proteins were expressed and purified as described previously (Lee et al., 1995) .
Denaturation and Renaturation of smHSP Complexes
Purified recombinant HSP18.1 and HSP17.7 were denatured separately or as a mixture in 7.0 M urea in 25 mM Tris-Cl and 1 mM EDTA, pH 7.5 (buffer A), at 0.1 mg mL" 1 of each protein for 1.5 h at 25°C. The proteins were renarured by dialysis against 1000 volumes of buffer A for 16 h at 4°C. Renatured complexes were analyzed by nondenaturing pore-exclusion PAGE as described previously (Helm et al., 1993) .
RESULTS
Specificity of Anti-HSP17.7 Antiserum
When immunoblots of SDS-soluble proteins from 22°C-grown and heat-stressed pea seedlings were treated with the anti-HSP17.7 antiserum, two very closely spaced heatinducible bands with approximate molecular masses of 18 kD were observed ( Fig. 1 ; clearer band separation is present in later figures). These proteins were not detected with preimmune serum (Fig. 1) . The immunoreactive proteins had molecular masses somewhat lower than those of class I smHSPs, which react to anti-HSP18.1 (DeRocher et al., 1991) , indicating that the anti-HSP17.7 antiserum recognizes a different subset of pea smHSPs.
Immunoblots of protein extracts from 38°C heat-stressed seedlings subjected to two-dimensional electrophoresis (Fig.  2) revealed that the anti-HSP17.7 antiserum reacted with four proteins with pis ranging from 6.5 to 8.0. A parallel blot treated with anti-HSP18.1 confirmed that the two antisera react with distinct groups of smHSPs. Thus, the anti-HSP17.7 antiserum likely reacts with other class II smHSPs in addition to HSP17.7, but not with class I smHSPs. 
Heat Inducibility and Stability of Class II smHSPs
The approximate heat-stress temperature that promotes maximal accumulation of the class II smHSPs was also determined (Fig. 1) . Immunoblots of proteins from 4-d-old roots heat-stressed at maximum temperatures between 34 and 42°C were treated with the anti-HSP17.7 antiserum and, for comparison, the anti-HSP18.1 antiserum (DeRocher et al., 1991) . Class II smHSPs accumulated to progressively higher levels as the heat-stress temperature increased, showing maximum accumulation at 42°C. In contrast, the temperature of peak accumulation of the class I smHSPs was 38 to 40°C (Fig. 1) (DeRocher et al., 1991) , 2°C lower than that of the class II smHSPs. Using known amounts of purified recombinant HSP18.1 and HSP17.7 (Lee et al., 1995) as standards on similar immunoblots, we estimate that the class I and II smHSPs make up 0.8 and 0.3% of the total protein in 38°C heat-stressed pea roots, respectively (not shown).
To investigate the persistence of class II smHSPs following heat stress, pea seedlings were heat stressed at 40°C, SDS-soluble leaf protein extracts were prepared at 24-h intervals following the heat stress, and immunoblot analysis was then performed. As shown in Figure 3 , the class II smHSPs were detectable up to 48 h after the heat stress.
Presence of Distinct Class I and Class II Complexes in Vivo
A common characteristic of all smHSPs is their tendency to form oligomeric complexes (for review, see Arrigo and Landry, 1994; Waters et al., 1996) . Complexes of cytosolic class I smHSPs have been observed in P. sativum (Helm et al., 1993) and in soybean (Glycine max) and rice (Oryza saliva) (Jinn et al., 1995) . Studies of recombinant P. sativum class II smHSPs have indicated that these proteins also form large oligomers (Lee et al., 1995). We were interested in examining the native structure of class II proteins in vivo Comparison of smHSPs recognized by the HSP17.7 and HSP18.1 antisera. Total proteins (75 /xg) from 38°C heat-stressed roots were separated by two-dimensional electrophoresis and subjected to immunoblot analysis using the HSP17.7 or HSP18.1 (DeRocher et al., 1991) antisera. Approximate pH range of IEF separation is shown at the top. Migration of molecular mass standards are given in kilodaltons on the right. Only the bottom thirds of the blots are shown.
and determining whether cytoplasmic smHSP complexes contain class II as well as class I smHSPs.
As an initial approach to investigate whether class II smHSPs are found in large complexes, Sue density gradient centrifugation followed by SDS-PAGE and immunoblot analysis were performed on native extracts of heat-stressed seedlings (Fig. 4) . Blots probed with HSP17.7 antiserum revealed that the class II smHSPs sedimented at approximately 8S. In close agreement with previous findings and shown here for comparison, the class I smHSPs also sedimented at 8S. The class II smHSPs were also observed sedimenting at 2S to 3S. The low sedimentation rate suggests that this form represents smHSP monomers or dimers. To compare the stability of the class I and II complexes, homogenates were brought to 250 mM NaCl prior to centrifugation, and proteins were separated on NaCl-free gradients. Under these conditions, the class I smHSPs still sedimented primarily at 8S, whereas the class II smHSPs were found in approximately equal proportions in the 8S and 3S forms (not shown).
As an independent measurement of complex size, native protein extracts were separated on nondenaturing, 4 to 20% acrylamide pore-exclusion gels, and immunoblot analysis was performed using the HSP17.7 or HSP18.1 antiserum. Results with the two antisera (Fig. 5) demonstrate that complexes containing class II smHSPs migrate at 340 kD, whereas in comparison, the class I complexes migrate at a smaller apparent mass, 240 kD, which is consistent with previous observations (Helm et al., 1993) . The results of the pore-exclusion analysis strongly suggested that the class I and class II smHSPs are in separate oligomeric complexes.
To characterize further the in vivo class I and II smHSP complexes, nondenaturing IEF was performed on extracts from 22°C-grown and 40°C heat-stressed pea seedlings. Immunoblot analysis of the IEF gels using the smHSP antisera was then performed to determine the pis of the class I and II smHSP complexes (Fig. 6) . The pattern of immunoreactive proteins for each class of smHSPs was strikingly different. The class I smHSPs focused as a broad array of immunoreactive bands with pis from 4.5 to 7.5, with a major broad band at approximately pi 5.5. In contrast, a single major class II immunoreactive band focused at a pi of 6.8. To test that the IEF bands represented intact smHSP complexes, the IEF lanes were excised and placed horizontally on nondenaturing gels. Immunoblots of these nondenaturing IEF gels revealed that the majority of the immunoreactive material migrated at or above 230 kD, HSP18.1 Figure 3 . Persistence of smHSPs in leaves following heat stress. Proteins (10 ju,g for blots reacted with anti-HSP18.1 and 25 /xg for blots reacted with anti-HSP17.7) from first true leaves of 10-d-old pea seedlings were grown under optimal conditions (C), then heatstressed at 38°C (HS), and sampled at 24-h intervals following the end of the maximum temperature period, separated by SDS-PAGE, and subjected to immunoblot analysis using the indicated antisera. Protein extracts from 38°C heat-stressed seedlings were subjected to ultracentrifugation, the gradients were fractionated, proteins in fractions were separated by SDS-PAGE, and the smHSPs were detected by immunoblotting using the indicated antisera. The indicated sedimentation coefficients were determined from parallel gradients containing, in ascending order, RNase, ovalbumin, aldolase, and catalase. Migration of the 18-kD molecular mass standard is indicated at the right.
www.plantphysiol.org on July 20, 2017 -Published by Downloaded from Copyright © 1997 American Society of Plant Biologists. All rights reserved. . Pore-exclusion native gel analysis of HSP17.7-and HSP18.1-containing complexes. Native protein extracts were prepared from control (C) and 38°C heat-stressed (HS) roots and samples (approximately 7 and 14 ^.g for the blots reacted with anti-HSP18.1 and anti-HSPI 7.7, respectively) subjected to pore-exclusion native gel electrophoresis, and the smHSPs were then detected by immunoblot analysis using the indicated antisera. Indicated molecular masses (in kilodaltons) represent, in ascending order, the migration of BSA, lactate dehydrogenase, catalase, ferritin, and thyroglobulin.
present in precipitates using both antisera, including a relatively small proportion of the 70-, 90-, and 100-kD classes of HSPs. It remains unclear whether the higher molecular mass HSPs are functionally associated with the smHSPs. However, western blots of Sue gradient fractions of unlabeled extracts analyzed simultaneously with anti-HSP70 and anti-HSP18.1 revealed that HSP70 and class I smHSP complexes did not co-migrate (not shown). The 50-kD, heat-induced protein precipitated by the antisera was also precipitated by the preimmune serum and is thus not associated with the smHSPs. The antisera, particularly the anti-HSP18.1, also precipitated a 40-kD protein.
Since this protein was detectable in anti-HSP18.1 immune precipitates of extracts from control plants (Fig. 7) , it is probably not stably associated with the class I smHSPs. When newly synthesized root proteins were labeled prior to heat stress to enrich the pool of labeled, non-heatinducible proteins with which smHSPs might interact, no prominent labeled proteins co-precipitated with either the class I or II smHSPs under these extraction and precipitation conditions (not shown). Although not likely, the possibility that unlabeled proteins or other components were associated with the smHSPs cannot be ruled out. It is also possible that the NaCl and detergent in the precipitation buffers, in addition to partially dissociating the class II complexes, disrupted weak interactions between the smHSPs and potential target molecules. Since the majority of the material precipitated by each antiserum appears to be comprised primarily of the smHSPs to which the antisera were prepared, the results suggest that there are at least two types indicating that the smHSP complexes were likely to remain intact after IEF (not shown).
To obtain information about the composition of class I and II smHSP complexes, native immune precipitations were performed. Total protein extracts were prepared from 35 S-labeled proteins under nondenaturing conditions (see "Materials and Methods"). To test whether the smHSP complexes remained intact under these conditions, extracts were also prepared using nonlabeled proteins, incubated without addition of antibodies but otherwise identical to the labeled extracts, and subjected to Sue density gradient centrifugation analysis as described above.
Under these conditions the class I smHSPs sedimented at 8S. Similar to earlier analyses of NaCl-treated extracts, the class II smHSPs sedimented at 8S and 3S. However, 60 to 75% (based on visual inspection of band intensities) of the class II smHSPs existed in the 3S form in this case (not shown). A fluorogram of SDS gels of the immune precipitated proteins is shown in Figure 7 . Each of the antisera precipitated a distinct subset of the smHSPs induced by the heat stress. The HSP17.7 antiserum reacted primarily with proteins of approximately 18 kD and the HSP18.1 antiserum reacted mostly with proteins of 19 to 20 kD, in agreement with the immunoblots shown in Figure 1 and further demonstrating the ability of the antisera to discriminate between class I and II smHSPs. Precipitations using preimmune serum did not detect any small, heat-inducible proteins. Several higher-molecular-mass proteins were of smHSP complexes in the cytosol of heat-stressed peas, each being composed primarily of either class I or class II smHSPs, and that complexes composed of mixtures of the two are not present in detectable numbers under the conditions tested.
In Vitro Assembly of Distinct Class I and Class II smHSP Complexes
Similar to the high-molecular-mass class I and class II smHSP complexes observed in heat-stressed pea roots (Fig.  5) , the corresponding recombinant proteins expressed in E. co// have been shown to migrate as high-molecular-mass complexes with apparent molecular masses of 240 and 320 kD, respectively (Lee et al., 1995) (Fig. 8A) . When purified recombinant smHSP complexes were denatured in 7 M urea and then exhaustively dialyzed against buffer to remove denaturant, both HSP18.1 and HSP17.7 again formed oligomers of the same molecular masses (Fig. 8A, lanes 2  and 4) . Likewise, when HSP18.1 and HSP17.7 were mixed at a 1:1 ratio prior to urea denaturation, only two species of complexes, which migrated identically to those observed without the urea treatment, were formed after removal of the urea (Fig. 8A, lane 5) . Excision of these two regions from a duplicate, nondenaturing gel followed by SDS-PAGE revealed that the high-mobility species was composed exclusively of HSP18.1 subunits, whereas the lowmobility species was composed of HSP17.7 subunits (Fig.  8B) . Identical results were obtained when the proteins were denatured in 6 M guanidine hydrochloride (not shown). These results further suggest that HSP18.1 and HSP17.7 are structurally unique, thereby preventing the formation of mixed oligomers.
DISCUSSION
Whereas the in vivo characteristics of the cytosolic class I smHSPs from higher plants have been documented for a number of species (DeRocher et al., 1991; Helm et al., 1993; Jinn et al., 1995) , to our knowledge there is no similar information for the class II smHSPs. Since proteins from both of these highly conserved smHSP families apparently share the same cytosol, analyses of the class II proteins are important to the understanding of the interrelationship of class I and II protein function in the stress response. Here we present an analysis of the class II smHSPs in P. sativum using antibodies specific for this class of smHSPs, and we show that, whereas class II smHSPs have many characteristics in common with class I smHSPs, they are also struc- turally discrete, which indicates that they may have functions distinct from their class I counterparts.
The polyclonal antibodies used in this study, raised against HSP17.7, reacted with four heat-induced polypeptides of approximately 18 kD having a broad range of pIs, likely representing the major class I1 smHSPs in P. sativum. As evidenced by comparison of two-dimensional western blots and immunoprecipitations, the HSP17.7 antiserum is specific for the class I1 smHSPs, showing no crossreactivity with proteins detected by class I smHSP antiserum. The ability to generate class I1 smHSP-specific antiserum, even though the HSP17.7 antigen included the conserved carboxyl-terminal heat-shock domain found in a11 smHSPs, suggests that the antigenic epitopes of HSP17.7 must not lie in the most highly conserved regions of the protein. Similarly prepared rabbit antisera generated against pea smHSPs localized in the chloroplast (Vierling et al., 1989) and ER (Helm et al., 1993) have also only reacted with smHSPs of the same class as the antigen.
The patterns of expression of the class I1 smHSPs are comparable to those of class I smHSPs, however. The heat induction and decay characteristics of the class I1 smHSPs are similar but not identical to those observed for the class I smHSPs (DeRocher et al., 1991) . The class I1 smHSPs accumulate to the highest leve1 in 40 to 42°C heat-stressed tissues, at least 2°C higher than the maximum heatinduction temperature for the class I smHSPs, suggesting that the class I1 smHSPs may protect the plant from damage encountered at higher heat-stress temperatures than do the class I smHSPs. Like class I and chloroplast-localized smHSPs (DeRocher et al., 1991; Waters et al., 1996) , the class I1 smHSPs persist long 'after the cessation of heat stress. This suggests that, at the very least, these proteins may be important in repairing damage incurred during the heat stress. Coupled with the conservation of the class I1 smHSPs among divergent higher plant species (Lauzon et al., 1990; Vierling, 1991) , these findings show that the class I1 smHSPs are important constituents in the plant's response to heat stress.
Even though the class I and class i1 smHSPs both appear to occupy the cytosol, these two classes of smHSPs form separate and readily distinguishable native structures. Lee et al. (1995) previously suggested this, based on analysis of recombinant class I and class I1 smHSPs from pea. On western blots of nondenaturing pore-exclusion gels, the class 11 complexes have a lower pore-exclusion limit than the class I complexes, and the two types can be clearly delineated. In addition to having different pore-exclusion limits, the class I1 complexes focus at nearly a full pH point more basic than the most prominent class I band on nondenaturing IEF gels. Furthermore, SUC gradient analysis of NaC1-treated extracts showed that the class I1 complexes are less resistant to high salt concentrations. We propose that the class I1 complexes have a different quaternary structure than the class I particles. This hypothesis is supported by previous electron micrographs showing that complexes of recombinant HSP17.7 are visibly different from those of HSP18.1 (Lee et al., 1995) .
It is not likely that the smHSP-containing complexes have abundant constituents other than the respective smHSPs, thus giving them different sizes and densities. The native recombinant class I or class I1 smHSPs have pore-exclusion limits nearly identical to their naturally occurring counterparts, and these complexes are made up of only recombinant class I or I1 smHSPs. Since no major proteins could be detected co-precipitating with class I or I1 smHSPs, the differences in sizes of the two complexes is probably not due to components other than smHSPs. Determination of the basis for these differences and the precise composition of the complexes will be possible only when class I and I1 smHSPs have been purified in their native state from plants.
Analysis of the recombinant class I and I1 smHSPs indicated that information required for smHSP monomers to assemble into oligomeric complexes must be contained in the amino acid sequence of the component monomers. Purified recombinant smHSPs also readily re-form nativesize complexes in vitro even after complete denaturation. The most striking illustration of the differences between class I and I1 complexes lies in the finding that previously denatured, mixed recombinant class I and I1 smHSP monomers form two separate complexes of identical size to those seen for each type separately, and there were no visible intermediate-sized complexes of mixed class I and I1 smHSPs in these preparations. This result confirms that the presence of distinct class I and I1 smHSP complexes in vivo is probably not due to the possibility that they are spatially separated in the plant, either by being expressed in different tissues or cell types or in some way being compartmentalized within the cell. Rather, there appear to be structural barriers to their co-assembly that ensure that they form discrete complexes.
To our knowledge, this is the first description of proteins from the class I1 family of smHSPs in any plant species, and we have demonstrated that these smHSPs share many of the same pattems of expression and stability with the other known plant smHSP classes (DeRocher et al., 1991; Waters et al., 1996) . In marked contrast, the class I1 smHSP highmolecular-mass complexes are quite different from the class I complexes, and the two can be easily distinguished on the basis of size, overall charge, and appearance when viewed by electron microscopy (Lee et al., 1995) . The different characteristics of these two classes of cytosolic smHSPs are reflected in the observation that the two gene families encoding these proteins are also distinguishable, and the differences between them have been maintained since the divergence of monocots and dicots (Waters et al., 1996) . It could be that the functions of the class I and I1 smHSPs are different from one another. Since there is mounting evidence that smHSPs, including the class I and I1 smHSPs from plants, are molecular chaperones (Horwitz, 1992; Jakob et al., 1993; Merck et al., 1993; Lee et al., 1995 Lee et al., , 1997 , it is reasonable to propose that the class I1 smHSPs function as such. Perhaps the class I1 smHSPs operate at different temperatures, on different substrate proteins, or at different times during or after heat stress. The maintenance of the two gene families encoding these proteins suggests that the differences in function, however subtle, are important for a plant's ability to withstand heat stress.
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